Prealloyed (PA) and premixed (PM) W-brass with the composition of 60 wt% W, 1 wt% Ni and 39 wt% brass was sintered at the temperature of 800˚C, 920˚C and 1000˚C each. As a result of difficulties in the densification of W-Cu and W-Cu alloys, mechanical alloying (MA) and activated sintering were combined. The powders were mechanically alloyed for 13 hours to produce nanosized W grains embedded in brass. The microstructure and properties of these composites with increase in sintering temperature has been studied. Both prealloyed and premixed composites sintered at 800˚C (solid state sintering) and 920˚C (sub-solidus state sintering) have lower sintered densities and hardness. The densification rate in the premixed composites was observed to be higher than that of the prealloyed composites. Their densification and properties increased with the increase in the sintering temperature. Premixed composite sintered at 1000˚C had 91.0% sintered density, 180 Hv microhardness against 76.0% and 133 Hv respectively for prealloyed composite at the same temperature. The values of electrical conductivity in both prealloyed and premixed composites increased with increase in temperature.
Introduction
Tungsten-brass pseudoalloy belongs to the family of metal matrix composites (MMC). Another prominent example is the W-Cu composites. Over the years, a lot of research works have been done on MMC because of the excellent mechanical and electrical properties [1] . The interesting properties of these composites are from the combination of high temperature strength, high arc erosion resistance, high melting point, wear resistance, high density, low coefficient of heat expansion of W and high thermal and electrical conductivity of Cu [2] - [5] .
W-Cu and W-Cu alloys are used in a wide area of applications, such as plasma facing components (PFCs) for the divertors in fusion reactors [6] , fabrication of W-Cu functionally graded materials (FGM) between W and Cu to reduce interfacial thermal stresses [7] in electrical contacts, heat sinks, electroerosion segments [6] [8] ; and in military applications such as kinetic energy projectiles, ammunition, in radiation shielding, etc. [1] [9]- [12] . WCu composites that have a high volume fraction of W (80% -95%) are used for electronic packages while those with medium volume fractions of W (50% -75%) are mostly used in electrical contact materials and military applications [13] .
As a result of a large difference in the melting point of the W (3410˚C) and Cu (1083˚C), W-Cu composites cannot be produced by the traditional metal casting processes. They are mainly produced by powder metallurgy techniques [14] . The constituent powders are first mixed, pressed or compacted together and are then sintered under controlled environment. The sintering processes that can be used to densify powders include: solid state sintering, sub-solidus state sintering and liquid state sintering. The densification of W-Cu is a very difficult process due to mutual insolubility or negligible solubility, poor wettability and high contact angle that leads to poor sinterability [2] [8] [15] . For the purpose of reducing the contact angle and the wetting ability of these composites, sintering activators like Ni, Co, Fe and Pd are added to the W-Cu composites in smaller proportion [3] [16] . The disadvantage of adding activators is that they reduce/deteriorate the electrical and thermal properties of these composites. These additives are insoluble in W and are segregated into the W interparticle zones, thereby providing a high diffusivity transport parts for W atoms which lower the activation energy for bulk transport of W [17] . In recent years, mechanical alloying (MA) has been employed to produce ultrafine nanosized particles which enhance homogeneity and sinterability [15] . MA leads to high plastic deformation of the powders due to ball-to-ball and ball-to-wall collision. This causes dislocation and defects in powders which generate new surfaces that are needed for atomic diffusion [18] . However, the use of stainless steel jars, balls, tungsten carbide balls causes contamination of the powders and results in activated sintering [19] . Brass powder has its own peculiar problem. Because of the oxygen picked-up during the production of brass powder, both Cu and Zn are oxidized. These oxidized compounds are CuO and ZnO which are difficult to reduce. Radomysel'skii et al. [20] studied the effects of the atomization condition on the quality of brass powder and discovered that these oxides were difficult to remove during sintering and had negative effects on the mechanical properties of the finished parts. Apart from the oxide formation, the zinc component also begins to boil and vaporize at 907˚C [21] . Dovydenkova et al. [22] observed that by sintering brass at and above 920˚C, the samples experienced weight loss due to the evaporation of zinc which decreased the mechanical properties of the samples.
Many researchers have worked on several aspects of W-Cu sintering, but to the best of our knowledge, no literature is available on W-brass sintering. In this work, both prealloy and premixed W-brass were mechanically alloyed and their sintering temperatures were varied within solid state, sub-solidus sate and liquid state range. The composition of the powders used is 60 wt% W, 1 wt% Ni and 39 wt% brass for both prealloyed and premixed powders. The milling was done using the Fritsch Pulverisette 6 milling machine (Fritsch GmbH, Germany). The milling was divided into two stages. In the first stage 60 wt% W and 1 wt% Ni were mixed and milled for 8 hours. In the second stage, 39 wt% brass was added and the milling continued for another 5 hours. The process was repeated using 60 wt% W, 1wt% Ni and 39 wt% copper and zinc (premixed). The milling was done under argon atmosphere at room temperature using steel balls. The ball to powder ratio used was 10:1 at the speed of 350 RPM. A tool stool permanent mould and a uni-axial Caver mechanical press (3851-0 model, made in USA) was used to produce the green compacts having the diameter of 12.5 mm and height of 3 -4 mm. The compaction pressure of 350 Mpa was used and the green density was determined by weight per volume ratio. The sintering temperatures utilised are 800˚C, 920˚C and 1000˚C. The green samples were charged into a horizontal Lenton tube furnace (LTF 14/450 model, made in England) and heated to the respective temperatures stated above under 99.99% pure hydrogen atmosphere with a flow rate of 10 L/h. The heating rate of 5˚C/min, holding time of 2 hours and cooling rate of 10˚C/min was used. The sintered density was determined by Archimedes' method and weight per volume ratio. Grinding of the samples was done using SiC paper from 340 -2000 grit finish. After grinding, the samples were polished with alumina suspension of 1 µm -0.3 µm on a woven synthetic pad. The samples were then rinsed with distilled water, followed by drying using compressed air. The microstructure of the sintered samples was observed by metallurgical microscope and scanning electron microscope (JSM-6490 model, made in USA). The composition of the samples were determined by energy dispersive spectroscopy (EDS). The hardness of the samples was determined by Leco LM700-series microindentation hardness testing system (made in USA) operating on a load of 1kg for 8 seconds duration. The electrical conductivity was measured with the aid of Jandel Multiheight four point probes with RM3000 test unit (made in USA).
Experimental Procedures

Results and Discussions
Sintered Density
As shown in Figure 1 , the sintered density of both prealloyed and premixed composites increase with the increase in sintering temperature. The prealloyed composite sintered at 800˚C has a sintered density of 72.0%. As the temperature increased to 920˚C, the sintered density also increased to 73.0%. When the temperature further increased to 1000˚C, the sintered density increased to 76.0%. A similar trend was also observed in premixed composites. The premixed sample sintered at 800˚C has a sintered density of 73.0%. When the temperature was increased to 920˚C, the sintered density increased to 80.0% and at 1000˚C, the sintered density increased to 91.0%. Ardestani et al. [3] densified W-Cu composites with 20%, 30% and 40% Cu at 1000˚C and had densities of 45.68%, 56.30% and 63.44% and when they increased the sintering temperature to 1100˚C, the sintered density of the samples increased to 92.16%, 94.32% and 96.53% respectively. Daneshjou and Amadi [23] studied the optimum processing conditions to improve the mechanical and physical properties of W-Cu composites and discovered that by raising the temperature from 1220˚C to 1280˚C, the sintered density and hardness also increased. As shown in Figure 1 , the densification rate is higher in the premixed composites than in the prealloyed composites. When the sintering temperature of the prealloyed was raised from 800˚C to 920˚C, the densification was 1.36%. As the sintering temperature was further increased from 920˚C to 1000˚C, the increase in densification was 4.0%. When the sintering temperature of the premixed composite was increased from 800˚C to 920˚C, Relative sintered density for PM the densification increased by 9.0% and by 12.1% when the sintering temperature was increased from 920˚C to 1000˚C. The variation in the densification rate between prealloyed and premixed composites might be linked to solid solution hardening in the process of prealloying, which increased the hardness of the alloyed powders. From Figure 2(a) , the W particles are seen to be homogeneously dispersed in the brass phase. As a result of the movement of the jar in the process of high energy ball milling, both tungsten and brass are thoroughly mixed. As the milling progress, the brass particles are deformed into plates and tungsten particles got embedded in those plates. As shown in Figure 2(a) , the tungsten particles that are smaller than their original size were localised at both the surface and the bulk of the composite.
Microstructure and EDS Analysis
When the milling time was extended from 8 to 10 hours, the W-brass structure became flaky as shown in Figure 2(b) . The tungsten particles that were embedded on the surface and inside the brass flakes are visible. Figures 3(a)-(f) is the SEM of 60 wt% W, 1 wt% Ni and 39 wt% brass (prealloyed and premixed) composites sintered at 800˚C, 920˚C and 1000˚C respectively. In Figure 3(a) , the irregular and fractured structure of W as a result of mechanical alloying is visible. The sintering at 800˚C is a solid statesintering, which depends mainly on particle rearrangement and diffusion. In both the prealloyed and premixed, (a) and (b), there is no evidence of rearrangement of W and brass. As the sintering temperatures increase from 800˚C -1000˚C, there is a corresponding change in the microstructural features of both prealloyed and premixed composites. At the sintering temperature of 800˚C (solid state sintering) in both prealloyed and premixed composites, there is no significant densification. This is because the particle rearrangement is minimal and there is no liquid formation that can introduce capillary action which increases densification. Mondal et al. [24] noted that, in solid state sintering of W-Cu system, the W-W interfacial energy is relatively low (2.79 J/m 2 ). This means that the skeletal W-W bond formed through solid state sintering are energetically favoured and stable. Because of this, coupled with mutual insolubility, pores and high dihedral angles, the W-Cu system is not readily densified by capillary-induced rearrangement. Ozkal et al. [25] sintered both coated and premixed W-5˚Cu, and prior to Cu melt formation, none of the compacts show appreciable densification. The absence of high densification at the solid state sintering might be the reason many re- searchers, including Mondal et al. [26] , Abu-Oqail et al. [14] , etc. stated that W-Cu alloys were basically produced by infiltration and liquid phase sintering. At the sub-solidus state sintering (920˚C), the quantity of liquid brass formed and the diffusion rate is not sufficient. This is because, the solidus temperature of brass is 916˚C and the liquidus temperature is 954˚C. 920˚C is almost at the beginning of the liquid phase formation and therefore, the viscosity of the newly formed liquid brass is high. During liquid state sintering (1000˚C), high sintered density was obtained as a result of both particle rearrangement due to capillary forces, grain shape accommodation by solution re-precipitation and sintering of skeletal tungsten by solid state diffusion [3] . Figure 4 (a) and Figure 4 (b) above shows the EDS of prealloyed and premixed composites sintered at 1000˚C. The composition of the brass component is slightly lower in prealloyed composite than in the premixed composite, while W composition is constant in both. Oxygen is present in both prealloyed and premixed, but its composition is slightly higher in prealloyed composite. The presence of Fe in the EDS is as a result of wear of the balls and the jar wall during high energy ball milling. The composites were therefore contaminated with Fe which equally caused activated sintering.
Microhardness
In both prealloyed and premixed composites, the hardness linearly increases with the increase in sintering temperature as shown in Figure 5 . The prealloyed sample sintered at 800˚C has the lowest hardness (91 Hv). This is directly related to its sintered density, which is also the lowest. As the sintering temperature increases, the sintered density and the hardness increases. When the sintering temperature increases from 800˚C to 920˚C, the hardness of the prealloyed composite increased from 91 Hv to 98 Hv. At 1000˚C, the hardness equally increased from 98 Hv to 133 Hv. The same trend was observed in the premixed composites. When the temperature was 800˚C, the hardness was 103 Hv. As the temperature increased from 800˚C to 920˚C, the hardness increased to 108 Hv, and the hardness further increased to 180 Hv when the sintering temperature increased to 1000˚C. These hardness values show that microstructural changes such as particle rearrangement, homogeneous distribution of the phases and smaller grain sizes that result in a higher sintered density directly favour an increase in the hardness of the composite.
Electrical Conductivity
Figure 6(a) shows the electrical conductivities of W-brass composites as a function of temperature. As the sintering temperature increases, the porosity of the sintered W-brass composites decreases. This results in the increase of electrical conductivity with increase in temperature. The decrease in porosity with increase in temperature is shown in Figure 6(b) . This result agrees with the finding of Ibrahim et al. [27] and Cheng et al. [28] where porosities in their sintered samples reduced the electrical conductivity. The measured electrical conductivity (Ec) was converted to the International Annealed Copper Standard (IACS). The measured conductivity, Ec/5.8 × 10 7 × 100 gives the IACS values [29] . 
Conclusion
Solid state, sub-solidus state and liquid phase sintering was carried out on the mechanically alloyed, prealloyed and premixed W-brass composites and the following results were obtained: 1. The densification of W-brass composites increased with increase in temperature. 2. Adequate densification was not obtained in both solid state (800˚C) and sub-solidus state (920˚C) sintering.
3. The hardness of the composites increased with increase in sintering temperatures. 4. The low densification and hardness below liquid phase sintering may be due to little or no adequate liquid phase to enhance rearrangement and diffusion of the particles, mutual insolubility and high contact angles. 
